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ABSTRACT A mixed bilayer of cholesterol and dimyristoylphosphatidylcholine has been formed on a gold-coated block of
quartz by fusion of small unilamellar vesicles. The formation of this bilayer lipid membrane on a conductive surface allowed us to
study the inﬂuence of the support’s surface charge on the structure and hydration of the bilayer lipid membrane. We have
employed electrochemical measurements and the specular reﬂection of neutrons to measure the thickness and water content
in the bilayer lipid membrane as a function of the charge on the support’s surface. When the surface charge density is close
to zero, the lipid vesicles fuse directly on the surface to form a bilayer with a small number of defects and hence small water
content. When the support’s surface is negatively charged the ﬁlm swells and incorporates water. When the charge density is
more negative than 8 mC cm2, the bilayer starts to detach from the metal surface. However, it remains in a close proximity to
the metal electrode, being suspended on a thin cushion of the electrolyte. The ﬁeld-driven transformations of the bilayer lead to
signiﬁcant changes in the ﬁlm thicknesses. At charge densities more negative than 20 mC cm2, the bilayer is;37 A˚ thick and
this number is comparable to the thickness determined for hydrated multilayers of dimyristoylphosphatidylcholine from x-ray
diffraction experiments. The thickness of the bilayer decreases at smaller charge densities to become equal to ;26 A˚ at zero
charge. This result indicates that the tilt of the acyl chains with respect to the bilayer normal changes from ;358 to 598 by
moving from high negative charges (and potentials) to zero charge on the metal.
INTRODUCTION
Phospholipid bilayers formed by the fusion of small
unilaminar vesicles onto glass or organic ﬁlm modiﬁed
surfaces constitute an attractive model of a biological
membrane to study membrane processes (Bayerl and Bloom,
1990; Brian and McConnell, 1984; Leonenko et al., 2000;
Schmidt et al., 1992; Sackmann, 1996; Williams et al.,
1997). Monolayers (e.g., Buoninsegni et al., 1998; Bizzotto
and Nelson, 1998; Bizzotto et al., 1999; Guidelli et al., 2001;
Miller, 1981; Nelson and Benton, 1986; Nelson and
Leermakers, 1990; Nelson and Bizzotto, 1999; Stoodley
and Bizzotto, 2003) and bilayers (Stauffer et al., 2001;
Horswell et al., 2002; Stoodley and Bizzotto, 2003) of
phospholipids have also been deposited or tethered (e.g.,
Cornell et al., 1997; Buoninsegni et al., 1998; Knoll et al.,
2000; Krysinski et al., 2001; Lang et al., 1994; Lingler et al.,
1997; Naumann et al., 1995; Peggion et al., 2001; Plant,
1999; Zebrowska et al., 2002) to surfaces of metal electrodes
such as mercury or gold. Lipids and proteins in natural
biological membranes are frequently exposed to static
electric ﬁelds on the order of 107–108 V/m (Tsong and
Astumian, 1988). A model membrane supported on
a conductive substrate may be used to study voltage-gated
membrane proteins and lipid-lipid and lipid-protein inter-
actions (Jones, 1998; Olivotto et al., 1996; Terlau and
Stuhmer, 1998). In addition, ﬁlms of phospholipids with
incorporated proteins deposited at a metal or metal oxide
electrode ﬁnd application in the development of bioelec-
trochemical sensors (Sackmann, 1996; Naumann et al.,
1999, 2002). Despite quite a broad interest in the properties
of model membranes supported on conductive surfaces, little
is known about how the electric ﬁeld applied to the metal
surface affects the structure of phospholipid bilayers.
Herein, we demonstrate that a phospholipid bilayer
deposited onto a gold electrode surface can be exposed to
static electric ﬁelds comparable to that acting on a natural
biological membrane. The model system studied in this work
is a mixed dimyristoylphosphatidylcholine/cholesterol bi-
layer (70:30 mol % ratio) formed on a gold surface by fusion
and spreading of small unilaminar vesicles. The addition of
cholesterol to a lipid ﬁlm leads to a much more ﬂuid bilayer
(Oldﬁeld and Chapman, 1972) that spreads more readily on
gold surfaces (M. Li, U. Retter, and J. Lipkowski, unpub-
lished material). To further facilitate the fusion and spreading
of the vesicles we performed these experiments at 308C,
where the membrane is in the liquid-crystalline state. By
combining electrochemistry with neutron reﬂectivity we in-
vestigated the effect of the static electric ﬁeld on the structure
of the bilayer. Neutron reﬂectometry has been used suc-
cessfully in the past to reveal the structure of phospholipid
bilayers deposited on a quartz or silicon (e.g., Johnson et al.,
1991; Koenig et al., 1996; Majewski et al., 1998; Wong et al.,
1999) or tethered to a gold (Krueger et al., 2001; Majkrzak
et al., 2000; Meuse et al., 1998) surface. The novelty of our
approach lies in performing the neutron reﬂectivity experi-
ments in situ using a gold-coated quartz block assembled in
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an electrochemical cell (Burgess et al., 2001, 2003;
Zamlynny et al., 2000). In this way, the potential applied
to the gold surface is controlled during the neutron
reﬂectivity experiment. We also show that the charge density
at the gold surface covered by the phospholipid bilayer can
be determined. Consequently, by changing the potential
applied to the electrode, the charge density on the gold
surface and hence the ﬁeld acting on the membrane can be
used as a variable in our experiments. This approach allowed
us to quantitatively investigate the effect of the electric ﬁeld
on the stability, thickness, and water content in the
membrane.
EXPERIMENTAL PROCEDURES
Preparation of dimyristoylphosphatidylcholine/
cholesterol vesicles
Vesicles were prepared by the method described by Barenholz et al. (1977).
Solutions of dimyristoylphosphatidylcholine (DMPC, Avanti Polar Lipids,
Birmingham, AL) and cholesterol (991%, Sigma-Aldrich, St. Louis, MO) in
chloroform (99.91%, Sigma-Aldrich) were combined in a test tube to form
a 7:3 (DMPC/cholesterol) mole fractionmixture. The solvent was evaporated
to dryness by vortexing the mixture under a stream of argon. Complete
removal of the chloroform was achieved by placing the test tube in a vacuum
desiccator for a minimum of 2 h. The DMPC/cholesterol mixture was stored,
under vacuum, in this state until the commencement of the neutron
reﬂectivity (NR) and electrochemical experiments. A sufﬁcient volume of
electrolyte solution was then added to the tube to give an ;1–2 mg/mL
solution. Vesicles were formed by sonicating the solution for 120 min at
408C. All electrochemical and neutron reﬂectivity measurements were made
at a temperature of 308C.
Electrochemistry
The working electrode used in the ex situ electrochemical experiments was
an Au(111) single crystal, prepared in-house as described elsewhere (Richer
and Lipkowski, 1985). Before electrochemical measurements, the electrode
was ﬂame-annealed, quenched with water and introduced to a glass cell
containing de-aerated, supporting electrolyte. 50 mM NaF was chosen
because this salt does not lead to any ions that show speciﬁc adsorption on
gold electrodes. Chloride-containing salts were avoided as chloride strongly
adsorbs to gold over a wide range of potentials complicating electrochemical
analysis of the DMPC/cholesterol ﬁlm (Shi and Lipkowski, 1996). A ﬂame-
annealed, coiled gold wire served as the counter electrode. Ionic conductivity
between the main cell and a second cell containing a saturated calomel
reference electrode (SCE) was achieved via a salt bridge. The working
electrode was employed in the hanging meniscus conﬁguration to ensure that
only the (111) face was in contact with the electrolyte. Cyclic voltammetry
was used to measure the cleanliness of the electrochemical cell before the
addition of vesicles. A PAR model 173 potentiostat and PAR model 5206
lock-in ampliﬁer (Princeton Applied Research, Oak Ridge, TN) were
interfaced with a personal computer via an RC Electronics (Santa Barbara,
CA) or National Instruments (Austin, TX) data acquisition board. In-house
software was used to collect the differential capacity and chronocoulometric
(charge density) data. To record the differential capacity curves, a 25 Hz,
5 mV (root mean square), AC perturbation was superimposed on a 5 mV/s
DC voltage sweep.
The following method was used to obtain the charge density data. The
gold electrode was held at a base potential, Eb ¼ 850 mV, for 30 s. Then
the potential was stepped to a variable potential of interest, Ef, where the
electrode was held for a time, tf, which is sufﬁciently long to establish a state
of adsorption equilibrium (tf for the experiments involving DMPC/
cholesterol vesicles was 120 s). A potential step to the desorption potential
Edes ¼ 1.25 V vs. SCE was than applied. The current transient
corresponding to the lifting of the bilayer and recharging of the interface
was recorded during 200 ms and the potential was stepped back to Eb. To
enhance transport of vesicles to the electrode surface the solution was stirred.
The stirring was interrupted 10 s before the potential step from Ef to Edes was
applied. The integration of the current transients gives the difference
between charge densities at potentials Ef and Edes. Similar experiments were
performed at the electrode in a solution without the vesicles. The absolute
charge densities were then calculated using the independently determined
potential of zero charge (pzc), Epzc ¼ 255 mV vs. SCE. This method has
been described in much more detail elsewhere (Richer and Lipkowski 1985;
Lipkowski and Stolberg, 1992).
Neutron reﬂectivity
Neutron reﬂectivity (NR) experiments were carried out on the NG-7
reﬂectometer at the National Institute of Standards and Technology in
Gaithersburg, Maryland. The working electrodes were derived from
polished single-crystal quartz substrate obtained from CrysTec GmbH
(Berlin, Germany).
Thin layers of chromium and gold were sequentially sputtered on the
substrates using the following procedure. The quartz crystals were placed on
a rotating carousel in a two-target (Cr and Au) sputtering chamber. The
chamber was evacuated, using a turbomolecular pump to a pressure of 106
Torr or less. Once vacuum was achieved, both the Cr and Au targets were
presputtered to remove possible surface contaminants. Without quenching
the sputtering plasma, the quartz crystal was rotated into the path of the Cr
target where it was coated at a rate of 299 A˚/min for;5 s. The carousel was
then rotated such that the chromium-coated quartz was in the path of the gold
target’s plasma for ;15 s. The rate of gold deposition was 450 A˚/min.
Before cell assembly and neutron reﬂectivity measurements, the coated
crystals were degreased with ethanol, irradiated in an ultraviolet chamber
(Jelight, Thief River Falls, MN) for 20 min to oxidize any organic
contaminants and then rinsed with Milli-Q (Millipore, Billerica, MA) water
([18 MV). The irradiation procedure was repeated until the substrate was
uniformly hydrophilic. A stream of puriﬁed argon was then used to dry the
water from the gold surface.
Two types of cells were used in the NR experiments. The work with
hydrogenated DMPC was performed in a thin electrolyte-layer cell
conﬁguration, schematically shown in Fig. 1, where the counter electrode
was a gold-coated silicon wafer of the same approximate dimensions as the
FIGURE 1 Schematic of the electrochemical cell conﬁguration used in
the neutron reﬂectivity experiments.
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working electrode. This substrate was cleaned in the same fashion as the
working electrode. After cleaning, the crystals were assembled to form the
electrochemical cell with an acid-washed, 500-mm-thick Teﬂon gasket used
as a spacer between the gold faces of the quartz and silicon electrodes. For
the experiments involving deuterated DMPC, a large Teﬂon cell was
prepared with a gold foil counter electrode. This larger cell enabled us to
more thoroughly remove oxygen from the electrolyte yielding better
electrochemistry. A schematic drawing of this cell conﬁguration has been
previously published (Zamlynny et al., 2000). Incoherent scattering from the
thicker layer of electrolyte did not signiﬁcantly raise the background levels
when the Teﬂon cell was used.
The vesicle solutions were prepared in 50 mM NaF with either D2O at
99.9% (Sigma) or H2O (Milli-Q) serving as the solvent. After introducing the
vesicle solution into the cell, the reference electrode (Ag/AgCl, E¼40 mV
vs. SCE) was placed in the ﬁlling arm leading into the electrochemical cell.
Varying the angle of incidence,u, allowed reﬂectivities to be measured in
the Qz range of ;0.0 up to 0.20 A˚
1 (Qz ¼ 4p sin u/l, where u is the angle
of incidence and l is the wavelength of the neutrons). A ﬁxed neutron
wavelength of 4.75 A˚ was used. Typical counting times, including
background measurements, were 8–10 h. The reﬂected neutrons were
counted using a 3He detector. The data were reduced taking into account the
neutron beam transmission through the quartz substrate and corrected for the
background. The error points on the data represent the statistical errors in the
measurements (standard deviation). A constant instrumental resolution of
DQz/Qz ¼ 0.043 was used throughout the scan.
To extract structural information from the reﬂectivity data the
reﬂectivities were analyzed using an iterative, dynamic method (Parratt,
1954). Based on known facts about the system (the thickness of the gold and
chromium layers and the anticipated structure of the organic layer at the
interface) a model scattering length density (SLD) proﬁle was generated and
used to calculate the reﬂectivity curve. The calculated reﬂectivities were then
compared to the experimental data. A least-squares iterative procedure was
then used to vary the parameters of the SLD proﬁle until a good ﬁt between
the calculated curve and the experimental data was achieved using the
PARRATT 32 ﬁtting algorithm (Braun, 1999) and the MLAYER algorithm
developed at the National Institute of Standards and Technology (Ankner
and Majkrzak, 1992). The goodness of the ﬁt was evaluated by summing the
squares of the difference between the experimental and theoretical R(Qz)
curves for every data point. This summation was divided by the total number
of data points to give x2. Uncertainties for the best-ﬁt SLD and thickness
values were calculated from the experimental errors using the method
described in Press et al. (1992).
Although, the inversion of the reﬂectivity data is not unique and the SLD
proﬁle calculated from the reﬂectivity curve is not the only mathematical
function that ﬁts the reﬂectivity curve, with the help of additional
information about the investigated system, we can usually reconstruct the
SLD proﬁle for the interface with a high level of conﬁdence.
To reduce the number of adjustable parameters it is critical to determine
a portion of the structural information from an independent experiment. In
our case, the thickness, roughness, and the SLD of chromium and gold layers
sputtered onto the quartz crystals were determined independently by
measuring the x-ray reﬂectivity of the crystals in air. In addition, the
possibility exists that these parameters may be altered by the electrochem-
istry. To minimize the uncertainty in our data analysis we characterized our
substrates using x-ray reﬂectometry before and after the electrochemical
neutron reﬂectometry experiments.
Fig. 2 shows both the experimental and ﬁtted x-ray reﬂectivity curves for
the experiments before the electrochemical experiments. The curve obtained
for the crystal after the in situ electrochemical measurements was nearly
identical to that shown in Fig. 2, demonstrating that the Cr and Au layers
remain essentially unaffected by the electrochemistry. The inset to Fig. 2
shows the electron density (as determined from the real component of the
scattering length densities) as a function of the distance normal to the
electrode’s surface. From these data the parameters for the Cr and Au layers
were determined as summarized in Table 1. The electron densities deter-
mined from the x-ray data for the chromium and gold layers are very close to
the theoretical values for bulk Cr and Au. This shows that the ﬁlms formed
by the sputter deposition technique were almost defect-free. The differences
between the ﬁt parameters for the chromium and gold layers determined
before and after the experiment were small.
Two strategies were used to ﬁt the reﬂectivity curves for the ﬁlm-covered
electrodes. We initially ﬁt all the measured reﬂectivity curves by assuming
FIGURE 2 X-ray reﬂectivity as a function of
momentum transfer vector for the Au/Cr-
covered quartz block. Curve corresponds to
the measurement made before electrochemis-
try. The curve for the postelectrochemical
measurement is essentially identical and is
omitted for clarity. The dotted line represents
the results of the modeling. The inset shows the
electron density proﬁle for the model that best
ﬁts the data.
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that the SLD, thickness, and roughness of the gold and chromium layers
were unaffected by changing the electrode potential and equal to the values
determined for the crystals in air. In addition, the roughness of the organic
layer was assumed to be equal to the roughness of the gold layer. In this
procedure, the only adjustable parameters were the thickness and the SLD of
the organic ﬁlm. In a second approach, the SLD and the thickness of the
organic layer determined from the ﬁrst ﬁtting procedure and the data for the
chromium and gold layers determined for the crystals in air were used as
initial values in a multiparameter ﬁt in which all parameters were allowed
to vary to reach the minimum of the x2 function. Although the second
procedure gave a better ﬁt to the data, the differences between the ﬁt
parameters for the organic ﬁlm obtained by the two procedures were small.
RESULTS AND DISCUSSION
Electrochemistry
The spreading of vesicles onto the Au(111) electrode surface
was initially characterized using electrochemical techniques.
Fig. 3 shows the differential capacity curves for electrode
potentials between 1250 mV and 1400 mV vs. SCE. The
positive potential is limited by surface oxidation of gold
whereas the onset of hydrogen evolution deﬁnes the negative
potential maximum. Between these potential extremes, the
electrode-solution interface behaves as a capacitor. As
shown by the dotted line in Fig. 3, the addition of vesicles
to the electrochemical cell signiﬁcantly decreases the
interfacial capacitance, indicating that the vesicles fuse to
the gold surface. The capacitance, reaches its lowest value of
;2 mF cm2 in a range of potentials between 100 mV\E
\ 400 mV. The expected capacitance for a defect-free
bilayer ﬁlm is ;0.8 mF cm2 (Guidelli et al., 2001). A
higher-than-expected value of the capacity indicates that the
phospholipid ﬁlm spread from the vesicles is not defect-free
and probably contains an amount of solvent molecules.
In the region of E between 400 mV\ E\100 mV,
the capacitance slowly begins to rise when the potential is
scanned negatively. Similar behavior was observed by
Bizzotto et al. (1999) for insoluble surfactant ﬁlms spread
at the Au(111) solution interface. These studies demon-
strated that the gradual increase of capacitance is caused by
the electroporation of the ﬁlm driven by increasing strength
of the electric ﬁeld when the potential is scanned in the
negative direction. It is expected that a similar process is
operative in the current study.
For potentials more negative than ;700 mV the
capacitance rises above the supporting electrolyte. The ﬁlm
begins to detach from the electrode surface. The detachment
is responsible for the appearance of the maximum on the
capacity curve. However, the capacity in the presence of the
organic molecules merges with that of the pure electrolyte
only at potentials more negative than 1200 mV vs. SCE.
This behavior suggests that the ﬁlm remains in close
proximity to the surface until these very negative potentials
are reached. We also note that, at the Au(111) electrode, the
differential capacity maxima are much smaller than maxima
observed for the spreading/detachment of phospholipid ﬁlms
on a mercury electrode (Bizzotto et al., 1999; Stauffer et al.,
2001). This behavior indicates that on gold the ﬁeld-driven
phase transitions are quite slow.
The ﬁeld acting on the membrane deposited at the gold
electrode surface may be estimated from knowledge of the
surface charge density and the Gauss theorem,
F ¼ ðdu=dxÞx¼0 ¼ sM=e; (1)
where e is the permittivity. Therefore, chronocoulometric
experiments have been performed to determine the charge
TABLE 1 Summary of the parameters describing the modiﬁed quartz substrate obtained from ﬁtting the measured x-ray
reﬂectivity data shown in Fig. 1
Quartz Chromium Gold
e Density* [e A˚3] sy [A˚] e Density* [e A˚3] tz [A˚] sy [A˚] e Density* [e A˚3] tz [A˚] sy [A˚]
Before 0.79 (60.1) 2.8 1.88 (60.06) 27.3 (61.1) 5.2 4.11 (60.11) 117.4 (61.5) 3.2
After 0.79 (60.1) 3.1 2.03 (60.10) 26.0 (62.3) 5.3 4.35 (60.13) 119.2 (61.7) 3.4
The theoretical electron densities of Quartz, Cr, and Au are 0.79, 1.97, and 4.36 respectively.
*Electron density.
yRoughness of the layer.
zThickness of layer.
FIGURE 3 Differential capacitance curves obtained for a Au(111) single
crystal using an AC perturbation of 5 mV, 25 Hz for 50 mM NaF only
(———), and vesicles of a 7:3 mixture of DMPC and cholesterol in 50 mM
NaF (- - - -).
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density. Fig. 4 plots the charge at the Au electrode for the
bilayer-free (pure supporting electrolyte) and the bilayer-
coated surface as a function of the applied potential.
Apparently, the membrane is stable at the electrode when
the surface’s charge density is in the range of 68 mC cm2.
Outside of this region, the charge density curve for the
membrane-covered electrode abruptly rises or falls to merge
with the charge density curve for the ﬁlm-free surface at high
charge densities. This behavior indicates that the membrane
becomes detached from the gold surface. Using Eq. 1, one
can determine that a charge density of 8 mC cm2
corresponds to a ﬁeld of ;5 3 108 V/m. The membrane is
therefore stable when exposed to ﬁelds less than this value
and is detached from the metal by higher electric ﬁelds.
To appreciate the signiﬁcance of these numbers it is
instructive to compare the charge on the metal to the charge
present at the surface of a natural biological membrane. A
natural membrane has between 10 and 20 mol % of anionic
phospholipids and this corresponds to one negative charge
per 300 A˚2 of the membrane surface (Gennis, 1989) or ;5
mC cm2. The charge densities on the surface of a natural
membrane and the charge acting on a neutral model
membrane deposited at the gold electrode surface are
therefore comparable. The ﬁeld applied at the supported
membrane closely mimics the inherent electric ﬁeld existing
across a natural membrane. In our experiments, the electrode
potential is the operational variable that is controlled by an
instrument, while charge is the physical variable that
determines the electric ﬁeld acting on the membrane. As
Fig. 4 shows, electrochemistry provides a unique opportu-
nity to apply and quantify static electric ﬁelds acting on
a model biological membrane.
The area between the charge density curves for the
supporting electrolyte and the electrolyte containing DMPC/
cholesterol vesicles corresponds to the surface pressure of
the bilayer (lowering of the surface energy due to the
presence of the membrane) which can be calculated using the
equation (Lipkowski and Stolberg, 1992),
pðEÞ ¼ g0  g ¼
ðE
E¼1250
sM dE
ðE
E¼1250
sM0 dE; (2)
where g0 and g are the surface energies and sM and sM0 are
the charge densities in the absence and presence of vesicles
in the solution, respectively. The surface pressure curve is
shown in the inset to Fig. 4. It quantitatively describes the
energetics associated with the spreading of the vesicles into
a membrane at the metal-solution interface. The surface
pressure plot is bell-shaped with a maximum of ;98 mN
m1 at E  300 mV. At potentials close to the potential of
zero charge, the surface pressure is large and hence the
bilayer is very stable at the electrode surface. However, the
surface pressure decreases in a quasiparabolic fashion with
potential. This behavior shows that charging the metal leads
to a signiﬁcant decrease in the ﬁlm pressure and consequen-
tly a decrease in the membrane’s stability at the interface.
Neutron reﬂectometry
Herein we describe the ﬁrst neutron reﬂectivity studies of
FIGURE 4 The surface charge density on the
gold electrode surface plotted versus the
electrode potential for n, the background (50
mM NaF supporting electrolyte), and d, the
mixed 7:3 DMPC/cholesterol bilayer spread
from the vesicle solution. (Inset) The surface
pressure versus electrode potential plot as
calculated from the charge density data.
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a model membrane exposed to high electric ﬁelds and we
demonstrate the uniqueness of this technique to determine
the ﬁeld-driven changes of membrane structure. Neglecting
roughness, the intensity of neutrons reﬂected from the in-
terface can be described by Als-Neilson and Kjaer (1989),
Penfold and Thomas (1990), and Hillman et al. (1998) as
RðQzÞ ¼ ð4pÞ
2
Q
4
z
ð‘
‘
@r
@z
e
iQzz dz
 2
; (3)
in which the ﬁrst term (proportional to Q4z ) describes
Fresnel reﬂectivity from a single interface and the second
term is proportional to the square of the Fourier transform of
the scattering-length density (SLD or r) proﬁle in the direc-
tion normal to the surface. The SLD depends on the number
density of the scatterer (nj) according to the formula
r ¼ +
j
bjnj; (4)
where bj is the scattering length. Hence the SLD proﬁle maps
the density of scatterers in the direction normal to the
surface. The SLD for gold, hydrogen, and deuterium are
distinctly different and a strong contrast is achieved when
a ﬁlm of hydrogenated phospholipids is deposited at a gold
electrode surface from a solution of D2O. In such a case, the
thickness of the bilayer and the water content in the bilayer
may be determined from SLD curves.
To mimic the charge acting on a natural membrane, the
charge density was varied gradually from ;1 to 30 mC
cm2. Curve 2 in Fig. 5 shows the reﬂectivity curve (plot of
log R vs. Qz) for the membrane formed by fusing mixed
DMPC-cholesterol vesicles at the gold electrode atE¼ 50mV
and charge density ;1 mC cm2. For comparison, curve 1
shows the reﬂectivity curve recorded at the gold-coated quartz
electrode in D2O in the absence of bilayer. The reﬂectivity is
signiﬁcantly higher in the presence of vesicles, indicating that
vesicles fused and formed amembrane at the gold surface. The
data show that reﬂectivities could be measured with good
statistics down to;23 106 and Qz ¼ 0.18 A˚1.
The reﬂectivity decreases quickly with Qz due to the
Fresnelian Q4z term (see Eq. 2). To compensate for this
decay it is convenient to multiply the reﬂectivity by Q4z . The
inset of Fig. 5 plots the RQ4z vs. Qz data. This representation
is particularly convenient to show how the square of the
Fourier transform of the SLD changes in a given series of
experiments. The high frequency fringes (having a period of
;0.04 A˚1) seen both in curves 1 and 2 are due chieﬂy to the
interference between neutrons reﬂected from the two sides
of the thin ﬁlm of gold. In the presence of the bilayer, the
interference between neutrons reﬂected from the fronting
and backing sides of the membrane can be seen in curve 2
of the inset as a single fringe with a period ;0.2 A˚1. The
low frequency fringe envelops the high frequency oscilla-
tions due to the gold ﬁlm. The amplitude of this fringe
depends on the contrast between the SLDs of the bilayer and
its neighboring phases (gold on one side and the D2O
solution on the other) whereas the period of the fringe
depends on the bilayer thickness.
FIGURE 5 Experimentally deter-
mined reﬂectivity curves (points with
associated error bars) for E ¼ 50 mV in
50 mM NaF in D2O. (Curve 1) The
ﬁlm-free electrode surface. (Curve 2)
The electrode covered by a bilayer of
the 7:3 mixture of h-DMPC and
cholesterol. (Inset) Plot of RQ4 vs. Qz
calculated from the data presented in
the main section of this ﬁgure. Solid
line shows the calculated reﬂectivity
curves from the best-ﬁt model whose
parameters are given in Tables 2 and 3.
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Fig. 6 A shows the RQ4z plot for an additional potential
within the region of the minimum on the differential capacity
curves (for E ¼ 375 mV and sM ¼ 6.1 mC cm2).
In addition Fig. 6 B shows the RQ4z vs. Qz plot for potential
E ¼ 500 mV and sM ¼ 10.2 mC cm2 just when the
differential capacity jumps to higher values. Fig. 6 C shows
the reﬂectivity curve for E¼600 mV and sM¼19.5 mC
cm2 just above the minimum on the differential capacity
curve. Fig. 6 D shows the SLD proﬁles determined from the
best ﬁt of the model to the reﬂectivity data. A single layer of
hydrogenated molecules deposited directly on the metal
surface were assumed in these calculations. This ﬁt requires
a limited number of adjustable parameters. However, it av-
erages SLDs for the head and tail regions.
To extract more detailed information concerning the
membrane, the same reﬂectivity data were ﬁt to a three-layer
model assuming that the membrane consists of two 8 A˚-thick
polar head regions and a middle section composed of
hydrogenated acyl chains. Although the three-layer model is
physically more realistic and statistically gives a slightly
better ﬁt to the experimental data, it involves at least four
additional adjustable parameters. The contrast for the polar
head region and the backing gold or D2O phases is weak. In
addition, the resolution of NR experiments at p/Qz,max ¼ 17
A˚ was insufﬁcient to resolve an 8 A˚-thick polar head region
in the SLD proﬁle. Finally, the SLD proﬁles calculated for
a single layer ﬁlm allowing for adjustable roughness of the
ﬁlm were very close to the SLD proﬁles calculated for
the three-layer model of the ﬁlm. For all these reasons we
considered the single layer to be a sufﬁcient approximation.
The thickness and the SLD values for the acyl chain region
of the membrane, determined from the ﬁt to the single layer
model, are compiled in Table 3. The corresponding para-
meters for the Cr and Au layers are given in Table 2.
The results show that the thickness of the ﬁlm formed at
150 mV is equal to ;26 A˚. This number is signiﬁcantly
smaller than the thickness of the bilayer, determined by x-ray
diffraction for the hydrated liquid crystalline state of DMPC
at 308C to be ;35.5 A˚ (Janiak et al., 1979). The smaller
thickness for the bilayer supported at the electrode surface
suggests that acyl chains of DMPCmolecules assume a larger
tilt angle with respect to the surface (bilayer) normal.
The scattering length density of the lipid layer was
determined to be 0.22 3 106 A˚2. The SLD for the lipid
FIGURE 6 (A–C) RQ4 vs.Qz plots for a bilayer of the 7:3 mixture of h-DMPC and cholesterol in 50 mMNaF in D2O; (A) at E¼375 mV; (B) at E¼500
mV; and (C) at E ¼ 600 mV. Points with associated error bars show the experimental data. Solid lines show the reﬂectivity calculated from the parameters
obtained from the ﬁtting procedure. (D) The SLD proﬁles for the interface for E¼ 50 mV (n); E¼ 375 mV (d); E ¼ 500 mV (m); and E ¼ 600 mV (.).
The best-ﬁt model parameters corresponding to the SLD proﬁles are listed in Tables 2 and 3.
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layers is dominated by the cholesterol and lipid tails. The
theoretical scattering length densities for cholesterol and
the lipid tail can be calculated from the densities and the
molecular formulae of the cholesterol and hydrocarbons
and give values of 0.28 3 106 A˚2 and 0.5 3 106
A˚2, respectively. X-ray diffraction studies (Franks, 1976)
have shown that cholesterol embeds itself in the lipid layer
by essentially occupying the same volume as the two tails
of one phospholipid molecule. Using this model, one can
determine the theoretical scattering length density of the
7:3 mixture of DMPC and cholesterol to be equal to 0.36
3 106 A˚2.
The SLD for the organic layer was then used to determine
the occupancy of phospholipid and cholesterol at the
electrode surface assuming that the modeled layer contains
only the deuterated solvent and the hydrogenated adsorbate.
The total SLD of the layer (rtotal) is, therefore, given by the
equation
rtotal ¼ xrorg1 ð1 xÞrD2O; (5)
where rorg and rD2O are the scattering length densities of the
organic and solvent material, respectively, and x is the
volume fraction of hydrocarbon in the ﬁlm. The value for
rD2O is known (6.3 3 10
6 A˚2) and the value for rorg was
estimated above. Using these values, the lipid tail/cholesterol
material is calculated to comprise 91% of the layer, implying
that the phospholipid ﬁlm contains some amount of solvent.
This result is in good agreement with our electrochemical
measurements, which show that the capacitance of the ﬁlm-
covered electrode at150 mV is equal to;2 mF cm2 and is
higher than the capacity of a perfect bilayer estimated to be
0.8 mF cm2.
The values for the best-ﬁt parameters of the NR data
obtained for potentials between 150 mV and 600 mV
exhibit an interesting trend. As the potential applied to
working electrode becomes increasingly negative the
TABLE 2 Shows the parameters describing the chromium and gold layers of the modiﬁed quartz substrate as a function of the
applied electrode potential
Chromium Gold
System (potential vs. SCE) t* SLDy sz t* SLDy sz
h-DMPC 1 chol (E ¼ 50 mV) 38.2 6 2.2 3.34 6 0.06 3.2 115.7 6 1.4 4.73 6 0.05 5.9
h-DMPC 1 chol (E ¼ 375 mV) 38.3 6 2.8 3.37 6 0.07 5.6 112.7 6 1.6 4.59 6 0.02 4.3
h-DMPC 1 chol (E ¼ 500 mV) 39.5 6 2.5 3.34 6 0.06 6.6 112.9 6 1.6 4.51 6 0.02 3.7
h-DMPC 1 chol (E ¼ 600 mV) 39.1 6 2.2 3.35 6 0.05 6.6 116.5 6 1.5 4.66 6 0.06 6.1
h-DMPC 1 chol (E ¼ 700 mV) 38.2 6 1.9 3.24 6 0.06 2.7 116.8 6 1.3 4.64 6 0.05 5.0
h-DMPC 1 chol (E ¼ 800 mV) 38.2 6 2.4 3.24 6 0.08 2.7 116.8 6 1.4 4.64 6 0.07 5.0
h-DMPC 1 chol (E ¼ 950 mV) 38.4 6 2.0 3.42 6 0.05 2.7 114.0 6 1.5 4.70 6 0.04 4.8
d-DMPC 1 chol (E ¼ 800 mV)§ 42.4 6 2.9 3.40 6 0.05 6.5 194.1 6 1.7 4.40 6 0.07 6.6
The parameters were obtained from the best-ﬁt results of the measured neutron reﬂectivity curves shown in Figs. 5–7.
*Thickness of layer in A˚.
yScattering length density 3 106 A˚2.
zRoughness in A˚.
§The measurements involving deuterated DMPC were not performed on the same gold-coated quartz crystal as the measurements involving the h-DMPC.
TABLE 3 Best-ﬁt results describing the mixed DMPC-cholesterol bilayer deposited at the electrode surface as a function of
the applied potential
Organic layers
Water layer
Vol. % of
solvent
Lipid/cholesterol layer
Vol. % of
solventSystem (E vs. SCE) t* SLDy sz t* SLDy sz
h-DMPC 1 chol (E ¼ 50 mV) N/A N/A N/A N/A 25.6 6 0.9 0.03 6 0.22 0.08 5.6
h-DMPC 1 chol (E ¼ 375 mV) N/A N/A N/A N/A 29.3 6 1.0 0.51 6 0.12 0.15 5.9
h-DMPC 1 chol (E ¼ 500 mV) N/A N/A N/A N/A 32.8 6 1.0 0.82 6 0.18 0.19 6.3
h-DMPC 1 chol (E ¼ 600 mV) N/A N/A N/A N/A 35.3 6 0.7 0.85 6 0.17 0.20 6.8
h-DMPC 1 chol (E ¼ 700 mV) 4.1 6 0.2 5.38 6 0.40 0.86 6.1 35.8 6 0.7 0.05 6 0.20 0.08 5.4
h-DMPC 1 chol (E ¼ 800 mV) 6.0 6 1.4 6.33 6 0.41 1.00 5.5 37.0 6 0.9 0.43 6 0.32 0.01 5.6
h-DMPC 1 chol (E ¼ 950 mV) 10.1 6 1.0 6.28 6 0.32 1.00 5.3 36.8 6 0.8 0.51 6 0.19 0.00 5.8
d-DMPC 1 chol (E ¼ 800 mV) 10.4 6 1.3 0.56 6 0.21 1.00 2.1 37.2 6 1.0 5.22 6 0.28 0.05 4.1
The results were obtained from the best-ﬁt results of the measured neutron reﬂectivity curves shown in Figs. 5–7.
*Thickness of layer in A˚.
yScattering length density 3 106 A˚2.
zRoughness in A˚.
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phospholipid/cholesterol layer thickness increases by nearly
28%with a signiﬁcant concomitant increase in the SLD. This
thickening of the phospholipid layer can be attributed to
a swelling of the organic layer by ingress of progressively
larger amounts of solvent molecules with decreasing
electrode potential. The result from the reﬂectometry
experiment is in accordance with the electrochemical ob-
servations. Fig. 3 shows that the differential capacitance
shows a steady increase as the potential is scanned between
150 mV and 600 mV. Further, most of this change takes
place between potentials 500 and 600 mV, where one
observes a signiﬁcant increase of the differential capacity.
An increase in the penetration of water molecules into the
ﬁlm is expected to cause an increase of the capacitance
consistent with the neutron reﬂectometry data.
The reﬂectivity data for E ¼ 600 mV gave quite
a surprising result. The electrochemical data suggest that
the bilayer is desorbed from the electrode surface at this
potential. In contrast, the neutron reﬂectivity measurements
show that the bilayer swells and incorporates more solvent
but still remains at the metal surface. To understand this
behavior, additional experiments have been performed by
applying even more negative potentials. Fig. 7, A–C, plot the
RQ4z vs.Qz curves for E equal to700,800, and950 mV
and the corresponding charge densities 23.1, 25.5, and
31.5 mC cm2, respectively. Clearly, the reﬂectivity of
the electrode surface remains very high indicating that
the bilayer remains near the electrode surface even at these
negative potentials.
Fig. 7D plots the SLD proﬁles determined from the best ﬁt
of a model to the reﬂectivity curves shown in Fig. 7, A–C. A
simple one-box description of the adsorbed layer was
inadequate. To achieve a better ﬁt, an additional box was
introduced. The parameters for the two-box model ﬁt are
listed in Table 2. The result of the ﬁtting reveals that the box
directly adjacent to the gold surface consists of a ﬁlm a few
A˚ngstroms thick having a very high scattering length
density. Moving the potential in the negative direction, the
thickness of this box increases and its SLD reaches a limiting
value very close to that of pure D2O. The second box is much
thicker (;37 A˚) and has a much lower SLD. It should be
noted that the SLD proﬁles shown in Fig. 7 D are convoluted
by each layer’s roughness parameter. The effect of the
roughness is to ‘‘smear-out’’ the SLD proﬁles depicted in
FIGURE 7 (A–C) RQ4 vs.Qz plots for a bilayer of the 7:3 mixture of h-DMPC and cholesterol in 50 mMNaF in D2O, (A) at E¼700 mV; (B) at E¼800
mV; and (C) at E ¼ 950 mV. Points with associated error bars show the experimental data. Solid lines show the reﬂectivity calculated from the parameters
obtained from the ﬁtting procedure. (D) The SLD proﬁles for the interface for E¼700 mV (n); E¼800 mV (d); and E¼950 mV (m). The best-ﬁt model
parameters corresponding to the SLD proﬁles are listed in Tables 2 and 3.
Field Effect on a Lipid Membrane 1771
Biophysical Journal 86(3) 1763–1776
Fig. 7 D, which makes the interstitial water layer appear less
pronounced, particularly for the curve representing E ¼
700 mV. Admittedly, the ﬁtting analysis of the reﬂectivity
curves for E ¼ 700 mV and E ¼ 800 mV give water
thicknesses that fall below the roughness. This problem is
even more acute for E ¼ 600 mV, where electrochemical
experiments show that the ﬁlm is desorbed from the
electrode surface although no evidence of a water layer
separating the ﬁlm from the metal surface could be extracted
from the NR data. However, the model ﬁtting is only
satisfactory with introduction of the thin layer of high SLD
between the gold and organic layers, an observation strongly
supported by the measurement at E ¼ 900 mV where
a thicker layer of water is observed. When the electrode’s
surface is covered by a thin layer of solvent the phospholipid/
cholesterol molecules are now contained in a ;37 A˚-thick
layer with a SLD equal to 0.5 6 0.3 3 106 A˚2, which
corresponds to the solvent-free layer. Apparently, the bilayer
that is separated from the metal surface by a thin layer of
solvent at negative potentials has less solvent than the bilayer
in direct contact with the gold surface at E [ 600 mV.
Further, at these negative potentials, the thickness of the ﬁlm
is comparable to the thickness of the bilayer measured in
hydrated multilayers of DMPC by x-ray scattering (Janiak
et al., 1979) and with the thickness of a DMPC bilayer
supported on quartz determined by neutron reﬂectivity (La-
phase, above 248C, t ¼ 36.1 A˚ (Wong et al., 1999).
In an effort to further verify the validity of our observation
of a solvent cushion layer at negative potentials, we repeated
the neutron reﬂectivity measurements for E ¼ 800 mV
using a different isotopic contrast. The bilayer was formed
by fusion of vesicles prepared from perdeuterated DMPC
mixed with hydrogenated cholesterol (the cost of perdeu-
terated cholesterol was prohibitive) and the solvent was H2O.
Fig. 8 A shows the RQ4z vs. Qz curve for this system and Fig.
8 B plots the SLD proﬁle determined from the ﬁt to the data
shown as a solid line in Fig. 8 A. The result conﬁrms that the
bilayer is separated from the gold surface by ;10 A˚ ﬁlm of
water at this negative potential. The bilayer is 386 1 A˚ thick
and the SLD for the bilayer is, within the experimental error,
equal to the theoretical value of the SLD calculated for the
water-free ﬁlm estimated to be 5.5 3 106 A˚2. The good
agreement between the results of neutron reﬂectivity ex-
periments performed using hydrogenated and deuterated
DMPC gives credibility to the SLD proﬁles calculated from
the reﬂectivity curves. Unfortunately, due to beam time
limitations we were unable to measure reﬂectivity curves
using the deuterated lipid ﬁlm for all the potentials
investigated with the fully hydrogenated system.
SUMMARY AND CONCLUSIONS
We have provided a detailed description of the effect of
the electric ﬁeld on the structure of a model biological
membrane supported at an electrode surface. The main
results of this work are summarized pictorially in Fig. 9. We
would like to emphasize that Fig. 9 is not a model but rather
a cartoon representation of the DMPC/cholesterol ﬁlm which
is consistent with the analysis of the specularly neutron
reﬂectivity data. Our analysis does not provide us with
information about the lateral distribution of individual
solvent molecules nor does it provide us with sufﬁcient
resolution to give details concerning the ﬁne structure of the
ﬁlm in the direction perpendicular to the gold surface due to
a limited maximum Qz. The analysis of specularly reﬂected
neutrons provides a compositional proﬁle, in the direction
normal to the ﬁlm, averaged over the transverse coherence
length of the incident neutrons, which for the range of
momentum transfer vectors accessed in these measurements
spans roughly between 10 and 100 mm. As long as the
dimension of the lateral inhomogeneities is less than the
FIGURE 8 (A) RQ4 vs.Qz plot for a bilayer of the 7:3 mixture of d-DMPC
and cholesterol in 50 mM NaF in H2O at E ¼ 800 mV. Points with
associated error bars show the experimental data. Solid line shows the re-
ﬂectivity calculated from the SLD proﬁle presented in B. The best-ﬁt model
parameters corresponding to the SLD proﬁle are listed in Tables 2 and 3.
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coherence length of the incident neutrons then the measured
reﬂectivity curve accurately probes the area-averaged in-
terface (Majkrzak et al., 2000). As such, the water molecules
shown incorporated in the biological ﬁlms in Fig. 9
qualitatively represent the volume fraction of water inside
the lipid ﬁlm but they do not represent the precise location or
distribution of the solvent molecules. However, when the
water exists as a discrete, uniform layer, as is the case for
negative electrode potentials, neutron reﬂectivity analysis
can accurately place the slab of water within the overall SLD
proﬁle of the entire interface. This is a unique advantage of
neutron reﬂectivity as no other technique can probe buried
structures in soft materials.
We have demonstrated that a model biological membrane
supported at a metal surface is stable when the charge on the
metal is\8 mC cm2 or the ﬁeld acting at the membrane is
\5 3 108 V/m. At zero charge on the metal the acyl chains
are tilted at a large angle with respect to the surface normal.
The membrane is thin and contains defects. By charging the
metal and increasing the ﬁeld, the chains become less tilted.
The membrane swells, becoming thicker and incorporating
more water. When sM\8 mC cm2 and the ﬁeld exceeds
5 3 108 V/m, the membrane starts to detach from the
electrode. We have shown for the ﬁrst time that this
membrane remains in close proximity to the metal electrode,
being suspended on a thin cushion of the electrolyte. This
membrane is essentially defect-free. In fact, at high negative
charges, the membrane structure resembles the structure of
a DMPC bilayer supported on a quartz surface (Johnson
et al., 1991; Wong et al., 1999) where a 10–20 A˚ thick layer
of water also separates the phospholipids from the surface of
the solid support. When in contact with an aqueous solution,
a quartz surface is negatively charged having a charge
density of;20 mC cm2 when the solution pH is;8 (Ong
et al., 1992). It is therefore not surprising that the properties
of the membrane supported at a negatively charged gold
surface are similar to that of a membrane supported on
a quartz surface.
FIGURE 9 Pictorial description of the changes in the structure of the mixed DMPC-cholesterol bilayer deposited at the electrode surface as a function of the
applied potential. We emphasize that this ﬁgure is not intended as a model of the biomimetic ﬁlm. Note that the bilayer is in equilibrium with vesicles in the
solution.
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The fact that the charge-potential curve for the membrane-
coated surface merges with the curve for the membrane-free
interface at high negative charges indicates that the capacity
of the electrode with the membrane supported on a cushion
of the solvent and the membrane-free electrode have
comparable magnitude. This behavior indicates that the
layer of solvent that separates the membrane from the metal
contains ions of the electrolyte, which effectively screen the
charge on the metal. Despite the fact that the charge on the
metal is high, the ﬁeld acting on the membrane is greatly
attenuated by the electrolyte ions in the thin layer of solvent.
In reality, both at charge 1 mC cm2 and at very negative
charges, the ﬁeld acting on the membrane is weak. The
dramatic difference between the membrane structure at
sM ; 1 and sM ¼ 25 mC cm2 is due chieﬂy to the
presence or absence of the D2O layer at the gold surface.
The data in Table 2 show that the thickness of the
membrane signiﬁcantly changes with the charge on the
metal. This behavior indicates that the chain tilt changes with
charge. Following Janiak et al. (1979) and Tristram-Nagel
et al. (2002), the bilayer thickness data can be used to
estimate the angle. When the membrane is deposited directly
at the metal the chains are tilted 558 with respect to the
surface normal. At high negative charges, when the mem-
brane is lifted from the metal and is suspended on a cushion
of D2O, the tilt angle decreases to 358. As shown in Fig. 10,
these numbers agree within 58, which is within the limit of
experimental uncertainties of the two methods, with recent
IR studies of a DMPC/cholesterol bilayer at a gold surface
(X. Bin, I. Zawisza, S. Horswell, and J. Lipkowski,
unpublished material). The fact that similar tilt angles can
be determined from the measurements of totally different
physical properties can be used as a strong argument that,
despite limited resolution, NR experiments provide reliable
values of the ﬁlm thickness. A plausible explanation of the
signiﬁcant change of the bilayer thickness with potential may
be given in terms of a change in the packing of the polar
heads. When the bilayer is separated from the solid surface
by a cushion of the solvent, the polar heads are packed in
a zig-zag fashion that gives a minimum area per molecules as
schematically shown in Fig. 11 A (Hauser et al., 1981).
When the bilayer is adsorbed at the metal surface all polar
heads tend to interact with the metal. Consequently, the area
per molecule increases and as Fig. 11 B shows, the chains are
forced to assume a more tilted orientation.
The charge-driven changes in the membrane structure are
fully reversible. By turning a knob on a control instrument
one can inject or withdraw the charge from the metal surface.
The membrane responds to these changes by either lifting up
or depositing directly on the metal. The ability to use the
electric ﬁeld to control the membrane structure opens new
opportunities for biomimetic research.
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FIGURE 10 Comparison of the change in hydrocarbon tilt angle as
a function of the electrode potential for a mixed DMPC/cholesterol (7:3) ﬁlm
spread on a gold electrode surface from a vesicle solution. The tilt angles
were measured in the present work using neutron reﬂectivity (m), and
independently evaluated (X. Bin, I. Zawisza, S. Horswell, and J. Lipkowski,
unpublished material) from IR results (n).
FIGURE 11 Schematic representation of packing of the DMPC mole-
cules, (A), at E\600 mV, where the bilayer is suspended on a cushion of
solvent, and (B), at E[500 mV, where the bilayer is directly adsorbed at
the metal surface (adopted from Hauser et al., 1981).
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